The energy and angular dependence of double differential cross sections d 2 σ/dΩdE were measured for p, d, t, 3, 4, 6 He, 6, 7, 8 Li, 7,9,10 Be, 10,11 B, and C produced in collisions of 1.2, 1.9, and 2.5 GeV protons with a Ni target. The shape of the spectra and angular distributions does almost not change whereas the absolute value of the cross sections increases by a factor ∼ 1.7 for all ejectiles in this beam energy range. It was found that energy and angular dependencies of the cross sections cannot be reproduced by the microscopic model of intranuclear cascade with coalescence of nucleons and the statistical model for evaporation of particles from excited, equilibrated residual nuclei. The inclusion of nonequilibrium processes, described by a phenomenological model of the emission from fast and hot moving sources, resulting from break-up of the target nucleus by impinging proton, leads to very good reproduction of data. Cross sections of these processes are quite large, exhausting approximately half of the total production cross sections. Due to good reproduction of energy and angular dependencies of d 2 σ/dΩdE by model calculation it was possible to determine total production cross sections for all studied ejectiles. Results obtained in this work point to the analogous reaction mechanism for proton induced reactions on Ni target as that observed previously for Au target in the same beam energy range.
INTRODUCTION
The recent successful analysis [1, 2] of the inclusive spectra and angular distributions of double differential cross sections d 2 σ/dΩdE for light charged particles (LCP's), i.e. particles with Z ≤ 2, and intermediate mass fragments (IMF's), i.e. ejectiles heavier than 4 He, produced in proton -Au collisions at proton beam energies 1.2, 1.9, and 2.5 GeV indicated, that the competition of two different processes is essential for understanding of the mechanism of proton -gold nucleus collisions. The traditional picture of the spallation reactions, namely the intranuclear cascade of nucleon -nucleon interactions followed by evaporation of particles from an equilibrated residuum of the cascade is not able to reproduce satisfactorily the experimental cross sections. This fact leads to the conclusion that a significant contribution of nonequilibrium processes to the reaction mechanism is present.
It was found that the difference between the data and theoretical cross sections from the above two-step model varies smoothly with the scattering angle and with the energy of the ejectile. It turned out, that this variation may be well reproduced assuming the isotropic emission * Corresponding author: ufkamys@cyf-kr.edu.pl of nucleons and composite particles in the rest frame of two or three sources moving forward, i.e., along the beam direction. Such an effect has been interpreted in Refs. [1, 2] as indication of break-up of the target nucleus by fast proton from the beam. In that physical picture the proton drills a cylindrical hole in the nucleus knocking out the small group of nucleons placed on the straight way of the proton through the nucleus. This group moves quickly in forward direction behaving as a fireball, which on its part emits nucleons and LCPs whereas the "wounded" nucleus may decay into two excited prefragments which also serve as sources of LCPs and IMFs.
The present study was performed with the aim to investigate, whether the reaction mechanism observed and described in detail in Ref. [2] for Au target is also realized in collisions of protons with other target nuclei. The Ni target was used for this purpose because it has quite different properties than the Au target. The Ni nucleus is more than three times lighter, its N/Z ratio (∼ 1.1) is approximately 1.4 times smaller from that of the Au nucleus (N/Z ∼ 1.5), and its binding energy (∼ 8.8 MeV/nucleon) is significantly larger than that of the Au nucleus (∼ 7.9 MeV/nucleon). The appearance of the same reaction mechanism for such different target nuclei might suggest that this phenomenon is of a general character, i.e., it occurs for all target nuclei in the studied energy range.
To facilitate the comparison of the results from the present study of the reactions in p+Ni system with results of previous investigations concerning p+Au system [2] , the present paper is organized in similar way as reference [2] . Experimental data are discussed in the next section, the theoretical analysis is described in the third section starting from IMF data and followed by analysis of LCPs cross sections, discussion of results are presented in the fourth and summary with conclusions in the fifth section.
II. EXPERIMENTAL DATA
The experiment was performed with the selfsupporting Ni target of the thickness about of 150 µg/cm 2 , irradiated by internal proton beam of COSY (COoler SYnchrotron) of the Jülich Research Center. The experimental setup and procedure of data taking were in details described in Refs. [1] and [3] . The beam was operated in so called supercycle mode to assure identical experimental conditions for all three studied proton energies -1.2, 1.9 and 2.5 GeV, i.e., the same setup, electronics, the target thickness and its position. In this mode several cycles were alternated for each requested beam energy, consisting of protons injection from JULIC cyclotron to COSY ring, their acceleration with the beam circulating in the ring below the target, and irradiating the target by slow movement of the beam in the upward direction. The using of supercycle mode minimizes systematic effects which might distort the studied energy dependence of the cross sections. The absolute normalization of the cross sections was achieved by comparing the total production cross sections of 7 Be particles, obtained by angle and energy integration of measured differential cross sections, with values of 7 Be total production cross sections published in the compilation of Bubak et al. [4] . It turned out that present values of total production cross sections at proton beam energy 1.2 GeV are in perfect agreement with those obtained by Herbach et al. [5] . The same quality agreement was observed for total production cross sections of the present work at 2.5 GeV and Li, Be, and B cross sections measured by Raisbeck et al. [6] on Ni target with 3.0 GeV proton beam.
Typical spectra of isotopically identified ejectiles obtained in the present experiment are shown in Fig. 1 . All spectra are smooth and do not change their shapes with increasing beam energy, however, the magnitude of the cross sections increases slightly with the energy.
FIG. 1: Typical spectra of
4 He, 7 Li, 9 Be, and 11 B ejectiles (upper left, upper right, lower left, and lower right parts of the figure, respectively) measured at 35
• for three energies of the proton beam; 1.2, 1.9, and 2.5 GeV, impinging on to the Ni target. Open circles represent the lowest energy, full squares -the intermediate energy, and the open triangles show the data for the highest energy.
III. THEORETICAL ANALYSIS
The analysis of the present experimental data was performed according to the same procedure as that applied previously to the data from proton induced reactions on the Au target in the work of Budzanowski et al. [2] . First, the cross sections were evaluated from the intranuclear cascade with inclusion of possibility to coalesce the outgoing nucleons into LCPs, and with possibility to evaporate the particles from the excited, equilibrated residua of intranuclear cascade. Such two-step model of the reaction mechanism is most frequently used in the literature for the description of spallation reactions at high proton energies. The INCL4.3 computer program of Boudard et al. [7] has been used for calculations of intranuclear cascade and GEM2 program of S. Furihata [8, 9] has been applied to evaluate evaporation cross sections. Since the data were generally underestimated by two-step model a phenomenological analysis was performed in the following. This analysis was based on the assumption that additional processes exist besides the mechanisms described above. They were pa-FIG. 2: Typical spectra of selected lithium, beryllium, and boron isotopes from p+Ni collisions measured at 35
• , 80
• , and 100
• (left, middle, and right columns, respectively) for 2.5 GeV proton beam impinging on to the Ni target. The detected particles are listed in the central panel of each row of pictures. Open circles represent the experimental data, and solid lines correspond to intranuclear cascade followed by evaporation of particles, respectively.
rameterized by incoherent sum of isotropic emission of particles from highly excited sources moving in forward direction, i.e., along to the beam. Each of the sources has a Maxwellian distribution of the energy E available for the two body decay resulting in emission of the detected particles; d 2 σ/dEdΩ ∼ √ E exp(−E/T ). The velocity of the source -β (in units of speed of light), its temperature -T (in MeV), and the contribution to the total production cross section -σ are treated as free parameters. The presence of the Coulomb barrier, which hinders emission of low energy particles, was taken into account multiplying the Maxwellian energy distribution by a smooth function P(E) corresponding to the transmission probability through the barrier. Two parameters were introduced to characterize the properties of the Coulomb barrier: k-parameter, i.e., height of the 2 ) MeV, and the ratio B/d , where d is a diffuseness of the transmission function through the barrier: P (E) = (1 + exp((E − kB)/d))) −1 . Details of this procedure, as well as interpretation of parameters of the model can be found in Appendix of Ref. [1] .
A. Intermediate mass fragments
The shape of the spectra of IMFs is almost independent of the beam energy. Thus, only the cross sections measured at 2.5 GeV beam energy have been used for illustration of the quality of data description. On the contrary, the shape of the spectra changes in regular way with variation of the detection angle, namely the spectra become more steep when the scattering angle increases. This is especially well visible when the data are compared at angles differing strongly as, e.g., 35
• and 100
• . Experimental spectra measured at three selected angles -35
• -are shown on Fig. 2 for most abundant isotopes of lithium, beryllium and boron as open circles together with the evaporation model predictions (solid lines). Fluctuations of the theoretical spectra are due to the Monte Carlo method of model calculations, i.e. due to limited statistics of generated events. As can be seen, the theoretical spectra are more steep than the experimental ones and the absolute values of theoretical cross sections are several times smaller than the data. The former effect is most pronounced for 6, 7 Li and 7 Be cross sections whereas the latter is present for all detected IMFs. Furthermore, the evaporation model does not reproduce the tendency of shape variation with the angle.
All these facts indicate that an important contribution of another reaction mechanism must be added to evaporation cross sections to assure good reproduction of the data. This contribution is comparable in magnitude with the evaporation cross section for Li and becomes even more dominant for Be and B isotopes. Thus, the IMF's data have been analyzed in the frame of a phenomenological model of two moving sources as it was done for p+Au reactions [1] . In this way the IMF's production on Ni target could be compared with that for the Au target.
The parameters of two moving sources were searched for by fitting the two moving sources cross sections to experimental data, which consisted of energy spectra measured at seven angles: 16
• , 20
• . To decrease the number of parameters it was assumed that the velocity of the slow source emitting IMF's is equal to the velocity of the heavy residuum from intranuclear cascade, i.e., β 1 =0.005. The mean values of this velocity was found in calculations of intranuclear cascade to be equal to 0.0051c, 0.0049c, and 0.0047c for 1.2, 1.9, and 2.5 GeV beam energy, respectively. It was checked that the modification of this parameter by 30% causes changes of other parameters smaller than their errors estimated by fitting computer program. In evaluation of k-parameter it was assumed that B -value is defined as the Coulomb barrier between the emitted particles and the target nucleus. The results of the fit are not very sensitive to the value of the k-parameter because the experimental low energy limit of the spectra is above the position of the Coulomb barrier for most of IMFs .
Thus fixed values of k 1 = 0.75 and k 2 = 0.3 were used. The B/d ratio was arbitrarily assumed to be equal to 5.5.
Values of the best fit parameters are listed in Table  I . The errors of the parameters are also given when the program searching for the best fit could estimate them. However, sometimes program was not able to estimate the errors, especially when strong ambiguities of parameters were present. In such a case the values of the parameters are quoted without estimation of errors. Sometimes it was useful to fix the values of parameters to avoid numerical problems leading to ambiguities. Such values are quoted in the table in parentheses.
A very good description of the spectra of all IMF's has been obtained as can be judged from the inspection of Fig. 3 and values of the χ 2 given in the Table I , which usually vary between 1 and 2.
It is obvious from comparison of Figs. 2 and 3 that the spectra of particles emitted from the slow source are very similar to the evaporation spectra of particles from the residuum of intranuclear cascade, however, it is not the case for the spectra of the fast source. They have much smaller slope and are dependent on the scattering angle. It is evident that their presence is necessary to reproduce the high energy part of experimental spectra.
The cross sections of both emitting sources increase with beam energy. This is illustrated on Fig.4 where ratios of the production cross sections for beam energy 1.2 and 1.9 GeV to the cross sections for 2.5 GeV are presented. It turned out that the increase of the cross sections with the beam energy is the same, in the limits of errors, for contributions emerging from both emitting sources. The cross sections increase approximately by factor 1.7 when beam energy increases from 1.2 GeV to 2.5 GeV (cf. numbers depicted in Fig. 4 ). Since the energy dependence is very similar for both emitting sources, the relative contributions of the sources remain constant in the studied energy range and, moreover, both are equal in the limits of errors: The averaged over IMFs ratio of σ 2 /(σ 1 + σ 2 ) is equal to 0.50(14), 0.46(11), and 0.48(16) for beam energy 1.2, 1.9, and 2.5 GeV, respectively. Thus, this ratio averaged over three energies is equal to 0.48 (7) .
The parameters of the sources, which influence the shape of the spectra (velocity β and temperature T ) should not change with the beam energy because the shape of experimental spectra is independent of the beam energy (cf. Fig. 1 ). However, there is a distinct difference for each energy between values of the parameters characterizing the slow source and the fast source. The velocity of the fast source β 2 , averaged over IMFs is equal to 0.027(3), 0.027(2), and 0.023(2) for beam energy 1.2, 1.9, and 2.5 GeV, respectively. These values are about five times larger than fixed velocity of the slow source (β 1 = 0.005). The temperature parameter T 2 of the fast source is about two times larger than the temperature parameter of the slow source T 1 . Its values (averaged over IMFs) are equal to 16.8(1.2), 17.4(6), and 17.8 (8) MeV for the fast source and 7.6(3), 8.4(6), and 8.1 (5) MeV for the slow source at three studied beam energies 1.2, 1.9, and 2.5 GeV, respectively.
B. Light charged particles
All experimental spectra of LCPs from p+Ni collisions contain large high energy component (cf. Figs 1, 5, and 6), which cannot be reproduced by evaporation of parti-TABLE I: Parameters of two moving sources fitted to p+Ni data for isotopically identified IMF's and for 4 He: βi, Ti, and σi correspond to source velocity, its apparent temperature, and total production cross section, respectively. The sum σ ≡ σ1 + σ2 is also listed. The left part of the Table (parameters with indices "1") corresponds to the slow moving source, and the right part contains values of parameters for the fast moving source. The upper row for each ejectile corresponds to beam energy 1.2 GeV, the row in the middle to 1.9 GeV, and the lowest one to the energy 2.5 GeV. cles from the equilibrated remnant of the intranuclear cascade. Thus, the nonequilibrium emission of LCPs must play an important role. The coalescence of nucleons escaping from the target nucleus together with nucleons taking part in the intranuclear cascade may lead to such an emission. Indeed, Boudard et al. [7] and Letourneau et al. [10] have shown that the microscopic calculation of coalescence occuring when the intranuclear cascade proceeds is able to reproduce a large part of the observed effect. However, it was found that the improvement of the description of LCPs spectra deteriorates simultaneously the proton spectra because increasing of the production of composite particles occurs on the account of decreasing emission of the nucleons. This contradiction led the present authors to search for another nonequilibrium process, which could be responsible for the observed enhancement of the high energy part of the LCP spectra. It was proposed [2] , that the emission from a fireball, i.e., a fast and hot group of nucleons consisting of target nucleons lying on the straight way of the bombarding proton through the target nucleus [11] , can account for the missing nonequilibrium component of the LCP cross sections. A sum of the coalescence of nucleons and the emission of LCPs from the fireball was found to be crucial for the very good description of the data for proton induced reactions on Au target at three beam energies: 1.2, 1.9, and 2.5 GeV [2] . Furthermore, the emission of the fireball, which introduces a strong rearrangement of the target nucleus can lead to a break-up of the remnant of the target and thus to an appearing of two moving sources also emitting intermediate mass fragments and LCps. Therefore, this hypothesis explains simultaneously the presence of the nonequilibrium emission for IMFs which was discussed above.
Since the fireball contains only several nucleons its contribution is present only for LCPs. On the contrary, the fast and slow excited prefragments of the target may emit IMFs as well as LCPs. In the present analysis their contribution to spectra of LCPs has been, however, neglected because it was estimated (by extrapolation of parameters found for IMFs to lighter ejectiles) to be much smaller than contributions of other reaction mechanisms. Magnitude of cross sections for emission of LCPs from two sources -products of break-up -were estimated to be ∼ 10% of the total cross sections, i.e., to be of order of errors of the fitting procedure. In the present study the same procedure of the description of LCP spectra as that in ref. [2] has been applied. The INCL4.3 computer program [7] has been used for the description of the intranuclear cascade of nucleonnucleon collisions with inclusion of coalescence of nucleons, whereas the GEM2 computer program [8, 9] • , and 100
• (left, middle, and right columns of the figure, respectively) for 2.5 GeV proton beam impinging on to the Ni target. Open circles represent the experimental data, dashed, dot -dashed, and solid lines correspond to the two-step model, the emission from the fireball and the sum of both contributions, respectively. fireball in the microscopic calculations performed according to the intranuclear cascade model, the inclusion of fireball emission should be accompanied by decreasing the contribution from direct processes simulated by intranuclear cascade and coalescence of escaping nucleons. Thus, the spectra of protons evaluated from intranuclear cascade with inclusion of coalescence and with contribution of evaporation of particles were multiplied by a factor F, common for all scattering angles, treated as a free parameter and then added to the contribution from the fireball emission calculated according to the formula of single moving source emitting isotropically the LCP's [12] . The same, fixed value of the scaling factor has been used for further analysis of data for other LCPs. The parameters of the single moving source -the fireball, i.e. its temperature parameter -T 3 , velocity of the source -β 3 , total production cross section associated with this mechanism -σ 3 were treated also as free parameters.
Parameters k 3 (the height of the Coulomb barriers in units of B -Coulomb barrier between the ejectile and the TABLE II: Parameters of the fireball fitted to p+Ni data; β3, T3, and σ3 correspond to fireball velocity in units of speed of light, its apparent temperature, and total production cross section, respectively. The upper row for each ejectile corresponds to beam energy 1.2 GeV, the row in the middle to 1.9 GeV, and the lowest one to the energy 2.5 GeV. Parameter F is the scaling factor of coalescence and evaporation contribution extracted from fit to the proton spectra. The numbers in parentheses show fixed values of the parameters. Note, that for the α particles contribution of two additional moving sources should be added with parameters given in Table I. The columns described as F * σINCL and F * σGEM contain total production cross sections due to intranuclear cascade with the coalescence and due to evaporation from the target residuum, respectively. The total production cross section obtained by summing of all contributions is depicted in the column denoted by σ. In the case of alpha particles it contains also the contribution of the emission from slow and fast sources listed in Table I Fig. 5 for protons, deuterons and tritons, and in Fig. 6 for 3 He and 4 He. Since the spectra at various beam energies almost do not differ in the shape, the comparison of theoretical cross sections with the data is shown only for one beam energy, namely for 2.5 GeV. The left column on both figures represents cross sections for 20 0 , the column in the middle for 65 0 , and the right column the data measured at 100 0 . The proton spectra are shown in the upper row of the Fig. 5 , the deuteron and triton data in the middle and lower row, respectively. The 3 He data are depicted in the upper row of Fig. 6 , whereas the 4 He cross sections occupy the lower row of this Figure. It is obvious from inspection of Figs. 5, 6 , that a very good description of the experimental data for all LCPs was achieved. It should be emphasized, that the values of the best fit parameters vary smoothly from ejectile to ejectile as well as from the one beam energy to another, thus the same mechanism seems to be responsible for the nonequilibrium processes for all these particles. It was, however, found that values of the parameters, necessary to describe the alpha particle data differ from those for lighter LCPs. It turned out that (i) it is necessary to use two emitting sources instead one fireball for good data reproduction, and (ii) the parameters of these sources have quite similar values as those for IMFs (cf. Table I ). For this reason, it may be concluded that the alpha particles behave rather like IMFs than as LCPs.
Values of fireball velocity β 3 and its temperature parameter T 3 do not change systematically with the beam energy and their fluctuations are so small, that it is possible to assume that they do not change with the energy. Similar situation was observed for IMFs. Thus the energy averaged values of velocities and temperature parameters of all sources are collected in one figure -Fig. 7 -to allow for discussion of their dependence on the mass of ejectiles. The velocities and temperature parameters are grouped in three distinctly separated sets corresponding to the slow source (β 1 and T 1 ), to the fast source (β 2 and T 2 ), and to the fireball (β 3 and T 3 ). The mass dependence -approximated by straight lines -is also different for each source. The slope of the mass dependence is the smallest for the slow source, of intermediate value for the fast source, and the largest for the fireball. The linear dependence of the temperature parameter on the mass of ejectiles is expected as a result of momentum conservation, i.e., the recoil of the source of a given mass appears during the emission of ejectiles of various masses. This linear dependence of the temperature parameter on the mass of ejectile allows for the extraction of recoil corrected temperature of the source -τ and the estimation of the mass of the source A S . If the mass of the source is constant -the same for all ejectiles -the determination of its mass and recoil corrected temperature is unambiguous. However, there are arguments that the source must have some distribution of masses with different average value for each ejectile. For example, the deuterons cannot be emitted by fireball consisted of only two nucleons but such emission may occur from the fireball built of three nucleons. The emission of protons, on the contrary, can appear both from two-nucleon and three-nucleon source, thus the mass of the fireball emitting protons is in average smaller than the mass of fireball emitting the deuterons. This may be a reason of strong decreasing of the fireball velocity with the mass of the ejectile as well as only slight decreasing of the velocity of the fast source with the mass of IMFs. A change of the mass of the fireball by one nucleon is very significant, because the fireball may be built of only several nucleons, whereas such a change for the source consisted of 20 or more nucleons is hardly to be observed in the mass dependence of the temperature parameter.
The given above arguments show that the extraction of the mass of the source and its recoil corrected temperature from the ejectile mass dependence of the temperature parameter should be taken with caution and treated only as a crude estimation. Such an estimation is discussed below and extracted parameters are compared with those, which were found in our previous study [2] of reactions induced by protons on the gold target.
IV. DISCUSSION
The parameters of linear functions describing the dependence on the ejectile mass of the temperature parameter T and velocity β of three sources are collected in the Table III . Those parameters, obtained in the previous study of reactions induced by protons on the gold target [2] , are also listed in this Table. It is clearly visible that all properties of the fireballs for both targets are identical in the limits of errors. This seems to be unexpected, especially as concerns masses of both fireballs, because of large difference between the mass of Ni and Au targets. However, according to the simple picture of the fireball, it is consisted of the nucleons which lie on his straight way through the target nucleus, therefore the mass of the fireball should scale as A 1/3 . It means that the ratio of fireball masses for Au and Ni should be equal to ∼ 1.5. This ratio, extracted from the phenomenological analysis, is equal to 1.1 (7) what means, that in the limits of errors it is in agreement with the assumed picture of the mechanism.
The equality of velocities of fireballs and their temperatures for both targets may be treated as consequence of the same momentum and energy transfer from the bombarding proton to the group of nucleons forming the fireball. Such an explanation is in line with the fact of the same beam energies for both targets and small difference in the thickness of the nuclear matter placed on the way of bombarding proton. Therefore, this equality may be interpreted as the argument in favor of assumed model of the reaction.
The recoil corrected temperatures of slow sources for Ni and Au targets are also the same. Of course, the mass A S2 of the slow source is completely different in the case of Au target (∼ 165) and Ni target (∼ 28 ). Therefore the recoil correction of the temperature parameter could be neglected for the Au target but is visible in the ejectile mass dependence of the temperature parameter T 1 for the Ni target. This difference of source masses reflects also on the velocity of the slow source β 1 .
The largest differences appear for the fast source. It should be, however, pointed out that the parameters do not differ in average more than ∼ 50%. Taking into consideration the fact of limited accuracy of extraction of values of the parameters it may be claimed that the parameters of the fast source are similar for both targets.
The above considerations concern velocity and temper- ature of three sources for Au and Ni targets and show, that this parameters, which are almost independent of the beam energy in the studied proton energy range 1.2 -2.5 GeV, are very similar for both targets.
In the following the behavior of production cross sections will be discussed. As it was shown on Fig. 4 , cross sections for all IMFs increase in average by factor ∼ 1.7 when proton beam energy increases from 1.2 GeV to 2.5 GeV. This is true for the total production cross sections as well as for the contributions of individual emitting sources, however, the spread (among various IMFs) of the ratio of given cross section to that measured at 2.5 GeV is smaller for total production cross section than for individual sources. The ratios of the cross sections measured at 1.2 and 1.9 GeV to those measured at 2.5 GeV are listed in Table IV. It is clear from examination of Table IV that the IMF production cross sections measured for Au target increase stronger with beam energy than those for Ni target. This can be understood as an effect caused by difference between threshold energies for fragmentation of both targets. To illustrate this effect the excitation function for 7 Be production is shown on Fig. 8 as a typical example. It is seen that fragmentation starts at lower energies on Ni target than on Au target. Therefore the studied range of beam energy (1.2 -2.5 GeV) corresponds for Ni target to the region where the production cross section starts to saturate, whereas for Au target this is region where the production cross section starts to rise quickly. Furthermore, the leveling of the production cross section for the Ni target appears at lower value than that for Au target. Both these effects cause that the total production cross sections should rise more quickly for the Au target than for Ni target, in accordance with present observations.
It is interesting to examine how large are the contributions of individual reaction mechanisms for emission of LCPs, i.e., the preequilibrium stage of the reaction described by intranuclear cascade and coalescence of nucleons into composite particles, the fireball emission, and the evaporation. As it is seen in Fig. 9 (right column) the contribution from intranuclear cascade and coalescence is for Ni target almost equal to that from evapo- ration and exhausts about 30% of the total production cross section for all studied beam energies and ejectiles. The first of these contributions decreases several percent with the energy, whereas the evaporation contribution is almost independent of the energy. The contribution of the fireball is slightly larger (∼ 40 %) and increases several percent in the studied energy range. These variations are more pronounced for tritons and 3 He than for protons and deuterons.
This picture is quite different from energy behavior of separate reaction mechanisms of LCPs production for the Au target (cf. Fig. 9 , left column), with exception of the evaporation contribution (σ GEM on the figure) which is almost energy independent similarly as for Ni target. The coalescence contribution decreases with beam energy (∼ 10% for p,d,t, and ∼ 30% for 3 He) but fireball contribution increases (also ∼ 10% for p,d,t, and even more for 3 He). Moreover, the coalescence contribution for Au target is in average larger, and the fireball contribution smaller than for Ni target. Such a behavior of relative contributions of various processes might suggest that they depend rather on the proton beam energy per nucleon of the target than on the beam energy itself, similarly as it is in the case of the total production cross section (cf. Figs. 8 and 9 ). 
V. SUMMARY AND CONCLUSIONS
A new, extensive set of double differential cross sections d 2 σ/dΩdE for the production of LCPs and light IMFs ( 6 He, 6, 7, 8 Li, 7,9,10 Be, 10,11 B,and C) in collision of protons with Ni target has been measured at three beam energies (1.2, 1.9, and 2.5 GeV). The data were analyzed using two-step microscopic model -intranuclear cascade with possibility to take into account coalescence of nucleons into LCPs, followed by evaporation of particles from the equilibrated residual nuclei. Since the model could not satisfactorily reproduce the spectra measured for seven scattering angles; 16 0 , 20 0 , 35 0 , 50 0 , 65 0 , 80 0 , and 100 0 , the phenomenological analysis has been per-formed assuming the emission of LCPs from the fireball, i.e., fast and hot source built of several nucleons moving in the forward direction, as well as emission of IMF from two slower and colder sources, which were interpreted as prefragments of the target appearing due to break-up of the target. An excellent description of all data has been achieved with smoothly varying values of the parameters from ejectile to ejectile. Due to such good reproduction of energy and angular dependencies of d 2 σ/dΩdE by model calculation it was possible to determine total production cross sections for all studied ejectiles. They are listed in Table I and II for IMFs and LCPs, respectively.
It turned out that the competition of the emission from the fireball with the coalescence process and evaporation of particles from the equilibrated remnant of intranuclear cascade is crucial for a proper description of the data for LCPs. The emission of IMFs from a fast moving source was necessary to reproduce the high energy part of the experimental spectra. Moreover, the emission of IMFs from a slow moving source, which emits particles with spectra similar to those of evaporated IMFs from the equilibrated residua of intranuclear cascade, improved significantly the description of the low energy part of the spectra.
In summary, a large contribution of the nonequilibrium processes, which are not contained in the two-step microscopic model, has been established. Properties of these processes are compatible with hypothesis of emission of ejectiles from three moving sources: The light, fast, and hot source -a fireball, which appears as result of knockout of group of nucleons lying on the straight way of the impinging proton through the nucleus, and two slower and colder sources, which are created due to break-up of the target remnant after emission of the fireball.
All the discussed above effects are very similar to those observed by present authors for another nuclear system, namely p+Au in the same range of beam energies [1, 2] . As it was mentioned in the Introduction, the Ni target is significantly different from Au target. Thus the observation of analogous reaction mechanisms in both nuclear systems suggests that this mechanism appears generally. Properties of this mechanism are in many aspects the same for Ni and for Au targets but some clear differences are also present. Therefore further investigations should be performed for other nuclei and beam energies to achieve reasonable progress toward the understanding of the fragmentation phenomenon, and to allow for good description of the production cross sections of LCPs and IMFs. 
